We conducted cross-sectional and longitudinal twin analysis to explore genetic and environmental contribution to serum lipid tracking during childhood and adolescence. The study sample was part of a population-based twin cohort that was recruited in the rural areas of the Anhui Province of China. The baseline recruitment of twins was carried out from 1998 through 2000 and the follow-up from 2005 through 2007. Serum lipids showed significant tracking during childhood and adolescence. Participants with lipids at the highest tertile at the baseline tended to remain high at follow-up across ages and Tanner stages, whereas subjects with lipids at the lowest tertile at the baseline tended to remain low at follow-up. Using twin modeling, we showed that genetic and environmental factors contributed to individual variations in lipid levels and tracking from the baseline to the follow-up visit. The estimated tracking correlations for total cholesterol, triglyceride, and LDL cholesterol were in the range of 0.25-0.53 and were predominantly influenced by genetic factors. In contrast, the phenotypic tracking of HDL cholesterol was influenced by both genetic and environmental factors. Our study underscores the importance of considering both environmental and genetic factors in studying the etiology of dyslipidemia. (Pediatr Res 68: 316-322, 2010)
N umerous studies have demonstrated that serum lipid levels and lipoproteins influence the risk of cardiovascular diseases (1) (2) (3) . Aortic and coronary fatty streaks, the early stages of atherosclerosis, have been observed in young (2-15 y) children (3, 4) and are associated with increased serum cholesterol levels (4). Significant tracking of serum lipids during childhood and from childhood to adulthood have been described (5, 6) . However, there are limited data exploring the childhood to adolescence transition, which is accompanied by rapid body size growth, sexual maturation, and significant hormonal changes. These rapid changes likely contribute to individual variations in serum lipids and the subsequent risk of dyslipidemia in adulthood. A better understanding of the individual variations in serum lipids, its tracking, and the determinants from childhood to adolescence could inform future interventions that aim to prevent or mitigate dyslipidemia and cardiovascular diseases in later life.
There is growing evidence that serum lipid levels are influenced by both environmental factors such as diet (7) and physical activity (7, 8) and genetic factors (9 -12) . Two longitudinal twin studies in Caucasians have provided evidence that there are age-specific genes controlling serum lipid variations during adolescence (10, 13) . However, little is known about the genetic and environmental influences on serum lipid levels and the tracking from childhood to adolescence in Chinese, which constitutes one-fifth of the world population. Over the past decade, China has experienced rapid economic, nutritional, and lifestyle changes, which have been accompanied by rapidly rising rates of dyslipidemia and associated diseases such as obesity, atherosclerosis, type 2 diabetes, and the metabolic syndrome (14) . Compared with western populations, the rural Chinese population provides a unique opportunity to gain insight into the interplay of genetic and environmental factors on serum lipid profiles and tracking patterns.
Using a unique twin design, the objectives of this study were to describe the degree of serum lipid tracking from childhood through adolescence and to estimate environmental and genetic contributions to the longitudinal lipid tracking in rural Chinese.
MATERIALS AND METHODS
Study sample. The study sample is part of a population-based twin cohort that was recruited in the Anqing and Luan areas of the Anhui Province of China. The baseline recruitment of twins was from September 1998 through May 2000, and the follow-up was from August 2005 through February 2007.
These areas in China were predominantly rural (Ͼ90%) (14) . Inclusion criteria of twins in the baseline survey were as follows: a) age, 6 -60 y; b) both twins were available for the survey; and c) both twins (or parents/ guardians of children) agreed and consented to participate in the survey. In addition, they had no history of stroke, cardiovascular, renal, hepatic, or malignant diseases and were not pregnant or nursing. In the follow-up survey, eligible twins were those who met the following criteria: a) both twins participated in the baseline survey and b) both twins agreed and consented to participate in the follow-up study. Eligible twins were invited to a central office to complete a questionnaire interview, anthropometric measurements, and a blood drawn to measure fasting lipids.
This report included 596 twin pairs who were aged 6 -12 y at the baseline survey and who had completed follow-up study and zygosity determination. The twins had a mean follow-up interval of 6.7 (Ϯ0.6) y (range, 5.7-8.5 y). The study protocol was approved by the Institutional Review Boards at Children's Memorial Hospital and the Institute of Biomedicine, Anhui Medical University in Hefei, China.
Anthropometry and puberty. Body weight, height, and waist and hip circumferences were measured at both baseline and follow-up as previously described (14) . During the follow-up visit, Tanner Stages (I-V) were assessed using established methods of visual inspection of pubic hair and genitals for boys and pubic hair and breasts for girls (15) by trained physicians.
Laboratory assays. Ten milliliters of blood sample was obtained from the cubital vein with the participant in the upright position during the morning (0700 -0800 h) after an overnight fast. Serum was separated from blood cells in the field within 30 min of collection and kept frozen at Ϫ20°C. Baseline serum total cholesterol (TC), triglyceride (TG), and HDL cholesterol (HDLC) were measured on the XD-811 Semi-automatic Analyzer (Shanghai Antai Company, China). Follow-up serum TG, TC, and HDLC were measured on the Hitachi 7020 Automatic Analyzer. LDL cholesterol (LDLC) was estimated from TC, HDLC, and TG using the Friedewald formula (16) . Twin zygosity [dizygotic (DZ) or monozygotic (MZ)] was determined using 10 autosomal polymorphic microsatellite markers as previously described (14) .
Statistical analysis. The TC, TG, LDLC, and HDLC levels were normalized by natural logarithm transformation for all statistical testing as the original values were skewed. Mean values of the anthropometric measures and the lipids at the baseline and the follow-up are presented.
To evaluate the longitudinal changes of lipids between baseline and follow-up, we compared the distribution of the lipids and % subjects with the highest tertiles of lipids at follow-up by the tertiles of each lipid (defined by age-and gender-specific values) at the baseline. ORs of the highest tertiles of lipids at follow-up and the corresponding 95% CIs were obtained using the generalized estimating equations (GEE) to adjust within pair correlations, with adjustment for the follow-up age and gender. We also tested the linear trend across tertiles of serum lipid levels at the baseline. All analyses were performed using SAS software, version 9.0 (SAS Institute, Cary, NC).
To estimate the genetic and environmental contribution to each lipid (baseline and follow-up) and longitudinal lipid tracking, we fitted the bivariate Cholesky decompositions model using maximum likelihood estimation with structural equation modeling procedures (Mx). Age-adjusted residuals of the lipids were used in all the modeling analyses. To address potential gender difference, we compared saturated model and no sex effect model first. If no significant sex difference was observed, the boys and girls could be analyzed together in the following analyses. In the full ACE model, additive genetic (A), common environmental (C), and unique environmental (E) components were structured by Mx (17) . Then, we performed model comparisons by restricting certain components (A, C) as zero (i.e. CE model ϭ C and E, no genetic component; AE modal ϭ A and E, no common environmental component) and certain path coefficients: 1) the emergence of novel genetic effects at follow-up; 2) the emergence of novel common environmental effects at follow-up; 3) genetic correlation (r G ) between baseline and follow-up; 4) the common environmental correlation (r C ) between baseline and follow-up; or 5) the unique environmental correlation (r E ) between baseline and follow-up as zero. 2 
RESULTS
This study included 596 twin pairs, including 331 pairs of MZ twins (male, 179; female, 152), 189 pairs of same-sex DZ twins (male, 117; female, 72), and 76 pairs of opposite-sex DZ twins. The distribution of the anthropometric characteristics and serum lipid levels measured at baseline and follow-up are presented in Table 1 . As expected from growth and development that occurs from childhood through adolescence, height, weight, and BMI at follow-up were all significantly higher than those at baseline (p Ͻ 0.0001), as were the serum lipids levels (p Ͻ 0.005).
The tracking of serum lipids from baseline to follow-up is displayed in Figure 1 . Specifically, subjects were grouped into age-and gender-specific lipid tertiles (low, medium, and high) at the baseline survey. Next, each group's lipid levels at follow-up were plotted against age and Tanner stage at the follow-up, respectively. The participants with the highest tertile of lipid levels at the baseline tended to be high at the follow-up across all ages and Tanner stages, whereas subjects with the lowest tertile of lipid levels at the baseline tended to be low at the follow-up.
The ORs for being in the highest tertile of lipid level group at the follow-up in relation to age-and gender-specific tertiles of the lipid levels at the baseline are presented in Table 2 . Compared with subjects at the lowest tertiles at the baseline, those in the second and third tertiles were more likely to be in the highest tertile at the follow-up. For example, the ORs of the TC staying in the highest tertile at follow-up were 2.2 (95% CI, 1.5-3.1) and 8.0 (95% CI, 5.5-11.6) for twins who were in the second and third tertiles at the baseline, when compared with those who were in the lowest tertile of TC at the baseline (p trend Ͻ0.001). Similar statistically significant trends were also observed for TG, LDLC, and HDLC tracking. In addition, we found that higher tertiles of baseline TC were associated with the highest tertile of LDL and HDL at follow-up and that both LDLC and HDLC at the baseline were associated with TC at the follow-up.
No significant sex differences were founded for all lipids variables through sex-limited modeling (Table 3) ; therefore, we estimated the variance components by simply adjusting gender in all the structural equation models. The goodness of fit statistics from bivariate analyses of the lipids across baseline and follow-up visits is displayed in Table 4 . The bestfitted models for TC, TG, LDLC, and HDLC were AE, ACE without novel common environmental effects at follow-up, † GEE were applied to compare the differences between baseline and follow-up survey for all variables, with adjustment of gender.
ACE without common environmental correlation (i.e. no r G ), and full ACE, respectively, which were the basis for the parameter estimates of Figure 2 .
As shown in Table 4 , the hypothesis of no novel genetic effects that emerged at follow-up visit was statistically rejected for all lipids except TG (p ϭ 0.074), which indicated the emergences of some new genetic influences for these lipids at follow-up visit. On the contrary, no novel common environmental effects emerged at follow-up for all lipids.
The estimates for the heritability (h 2 ) of various serum lipids at the baseline and follow-up, variance component correlation coefficients, and the genetic and environmental contributions to the total phenotypic correlations are presented in Figures 2A-D . Heritability estimates for TC and LDLC were relatively stable from the baseline to follow-up (TC, 0.77-0.83; LDLC, 0.59 -0.60). Larger increases over time were observed in the heritability of TG (0.40 -0.69), and there was a corresponding decrease in the effect of common environmental factors over time for this trait (0.26 -0.07). In contrast, the heritability estimates for HDLC decreased moderately over time from childhood into adolescence (0.65-0.39), with a corresponding increase in common environmental components. The results were consistent with the analyses of within-pair intra-class correlations (Table 5) These figures further demonstrated that although genetic influences for all the lipids were significantly correlated over time from childhood through adolescence, no significant correlations were found for common and unique environmental components. The phenotypic correlations of lipids between the baseline and follow-up visits ranged from 0.26 to 0.53, with the highest value for TC and the lowest value for TG. Major contributions to these phenotypic correlations were genetic influences. For example, genetic factors accounted for 98% of the tracking correlation for TC (ϭ0.52/0.53). However, for HDLC, common environmental influences also contributed to the phenotypic correlations (29% ϭ 0.10/0.35). The unique environment contribution to phenotypic correlation was very small for all the lipids analyzed.
DISCUSSION
Serum lipid levels are important predictors of coronary artery disease risk in adults (1, 2) , and the risk of disease can be decreased by lowering total and LDLC or by increasing HDLC (18 -20) . Tracking of serum lipid levels from childhood to adulthood has been established (21) . However, the degree of tracking from childhood to adolescence and the underlying genetic and environmental contributions on the phenotypic tracking are not well understood. Our study has contributed the following new findings.
First, the lipid levels at the follow-up are significantly higher than those at the baseline, which are inconsistent with previous studies (22) . The reason for the increased lipids levels after an ϳ6-y interval may be attributed to the rapid economic, nutritional, and lifestyle changes observed in China over the recent decades (23, 24) . In particular, diet changes that include more animal-derived products and less traditional food consumption (rice and vegetables) likely a direct result of the rapid economic growth (25, 26) and might explain the observed changes in lipid levels. A previous study based on a rural Chinese population demonstrated that hyperlipidemia was positively associated with total energy, total fat, and saturated fatty acid intakes and negatively associated with physical activity and total fiber intake (27) . Furthermore, puberty, an important developmental period accompanied by rapid growth in body size and sexual maturation may influence the lipids levels and provide another explanation for the lipid changes between baseline and follow-up surveys. Bertrais et al. (28) also reported that TC and TG were associated with sexual maturity independently of age in adolescence.
Second, we observed all the lipids variables (TG, TC, LDLC, and HDLC) appear to be under considerable additive genetic and unique environmental influence. However, phe- notypic variance of HDLC and LDLC at the follow-up seems to be partly explained by common environmental factors besides genetic and unique environmental influences. The findings are in agreement with previous study, which suggests additive genetic and unique environmental influences contributed to the majority of the phenotypic variance of TG, LDLC, and HDLC (29) . Interestingly, the additive genetic factors of TG were increased over time and the common environmental factors were decreased. However, the opposite trends were observed in HDLC variance estimates. Our previous study based on adult female twins reported that the heritability estimates of TG and HDLC were 0.50 and 0.22, respectively (30) . These estimates were similar to the heritability estimates at the follow-up survey. Of note, most of the subjects were adolescents (age Ͼ12 y) at the follow-up survey, whereas most of the subjects at the baseline survey were preadolescents (age Յ12 y). Our data suggest that puberty specific genetic factors may partly explain the change of variance estimates from baseline to follow-up surveys. It is also likely that the shared familial environmental factors (such as diet type, meal size, physical activity and so on) of twin pairs changed from baseline to follow-up surveys may thus provide another explanation for the observed results.
Third, we observed differences in variance component changes from the baseline to the follow-up visits between HDLC and the other lipids. The HDLC is known as a type of good lipid, whereas other lipids, i.e. TC, LDLC, and TG, are regarded as bad types of lipids. Our data suggest that HDLC may be under different genetic and environmental influences from the other lipids. Previous studies suggested that the HDLC was the only lipid variable that could be influenced by shared environmental factors both in adults and adolescents (10, 31) . We speculate that shared environmental influences within a family, such as socioeconomic status or diet type, may influence HDLC more than the other lipid variables during adolescence.
Fourth, we observed longitudinal tracking for all of the lipids as analyzed by both tracking (persistence at corresponding levels; Fig. 1 ) and % shift in tertiles from the baseline to the follow-up ( Table 2 ). The tracking for TC and LDLC was greater than for HDLC and TG. These findings were comparable with those reported in Caucasians (5,29). For instance, an Australian sample. The pattern was similar for LDLC but lower for HDLC. The tracking pattern for LDLC was similar to TC, whereas less tracking was observed for HDLC than for TC and LDLC. In addition, Porkka and Viikari (32) found that the tracking of TG was lower than other lipids in Finnish children and young adults. Previous longitudinal twin studies based on Caucasian samples reported that more than one genetic factor influences HDLC, LDLC, TC, and TG over time at ages 12, 14, and 16 y, i.e. there are developmental changes in the genes or environmental factors affecting plasma lipids during adolescence (10, 13) . Our data suggest emergence of novel genetic influence for all lipid variables (except for TG) from baseline (6 -12 y) to follow-up surveys (Ͼ12 y). A potential explanation for the emergence of novel genetic effects is that sexual hormonal changes during puberty, which may affect gene expressions and that in turn influence individual differences in lipids.
Finally, our study demonstrated that individual lipid levels were under the control of both genetic and environmental factors, which is consistent with previous reports (10,33-35) . We further demonstrated that the majority of phenotypic tracking of the lipids from childhood through adolescence was attributed to genetic influences. In contrast, common and unique environmental components contributed minimally to tracking for all the lipids except for HDLC. In view of the importance of genetic factors in the lipid tracking from childhood to adolescence, the children with higher lipids values during childhood and with parents of higher lipids values, particularly for TC and LDL may be at higher risk of dyslipidemia. Those children may benefit from more close monitoring and early intervention to prevent or mitigate dyslipidemia later in life.
Our study has several strengths. First, the twin design has a long-standing history of studying the relative roles of genetic and environmental factors in the development of disease and phenotypic traits. Second, the study subjects were recruited from two adjacent rural areas of China that are relatively homogeneous with regard to the dietary intakes and physical activity. Finally, the longitudinal twin study design, the age range at baseline (6 -12 y) and follow-up (12-19 y) , provides a unique opportunity to investigate the genetic and environmental contributions to lipid profile tracking from childhood through adolescence in a lean, rural Chinese population, which has not been examined earlier.
In summary, we have demonstrated significant tracking for all the lipids analyzed from childhood through adolescence in this population-based longitudinal Chinese twin cohort. Genetic factors were the predominant contributor to the phenotypic tracking for TC, TG, and LDLC. For HDLC, both genetic and common environmental factors contributed to the phenotypic tracking. Our study underscores the importance of considering both environmental and genetic factors in studying the etiology of dyslipidemia. Further investigation of specific genetic and environmental factors associated with lipid levels and tracking from childhood through adolescence will provide useful insight into the underlying biologic mechanisms in the development of dyslipidemia and its related diseases and help design preventive strategies. A, Genetic and environmental contributions to tracking of TC in 520 same-sex adolescent twin pairs adjusted for sex and age. AE model was the best-fitting model for the bivariate analyses between baseline and follow-up TC; r G , and r E denote genetic and unique environmental correlations, respectively; a 2 and e 2 denote percentage of total phenotypic variance accounted for genetic factors and unique environmental factors; r TP , total phenotypic correlation; C GCP , genetic contribution to total phenotypic correlation; C UCP , unique environmental contribution to total phenotypic correlation. B, Genetic and environmental contributions to tracking of TG in 520 same-sex adolescent twin pairs adjusted for sex and age. No unique environmental correlation ACE model was the best-fitting model for the bivariate analyses between baseline and follow-up TG; r G , r C , and r E denote genetic, common environmental, and unique environmental correlations, respectively; a 2 , c 2 , and e 2 denote percentage of total phenotypic variance accounted for genetic factors, common environmental, and unique environmental factors; r TP , total phenotypic correlation; C GCP , genetic contribution to total phenotypic correlation; C CCP , common environmental contribution to total phenotypic correlation; C UCP , unique environmental contribution to total phenotypic correlation. C, genetic and environmental contributions to tracking of LDLC in 520 same-sex adolescent twin pairs adjusted for sex and age. No common environmental correlation ACE model was the best-fitting model for the bivariate analyses between baseline and follow-up LDLC; r G , r C , and r E denote genetic, common environmental, and unique environmental correlations, respectively; a 2 , c 2 , and e 2 denote percentage of total phenotypic variance accounted for genetic factors, common environmental, and unique environmental factors; r TP , total phenotypic correlation; C GCP , genetic contribution to total phenotypic correlation; C CCP , common environmental contribution to total phenotypic correlation; C UCP , unique environmental contribution to total phenotypic correlation. D, Genetic and environmental contributions to tracking of HDLC in 520 same-sex adolescent twin pairs adjusted for sex and age. Full ACE model was the best-fitting model for the bivariate analyses between baseline and follow-up HDLC; r G , r C , and r E denote genetic, common environmental, and unique environmental correlations, respectively; a 2 , c 2 , and e 2 denote percentage of total phenotypic variance accounted for genetic factors, common environmental, and unique environmental factors; r TP , total phenotypic correlation; C GCP , genetic contribution to total phenotypic correlation; C CCP , common environmental contribution to total phenotypic correlation; C UCP , unique environmental contribution to total phenotypic correlation. 
